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MICRO-ANALYSIS OF GASES. 287 

XXV. A iMethod for  the Micro-anzlysis of Gases by the Use of 
the Pirani Pressure Gauge. 3y the RESEARCH STAFF OF 
THE GENERAL ELECTRIC Co., LTD., L o d o n .  (Work 
conducted by N. R. CAMPBELL.) 

RECEIVED FEBRUARY 28, 1921. 

(COMMUNIOATED BY C. C. PATERSON, O.B.E., M.I.E.E.) 

SUMMARY. 
(1) A method of analysis of gases at 5 pressure between 0.1 and 

0.001 mm. is described, based on the characteristic vapour-pressure 
temperature curve of any substance. 

(2) The method demands a gauge which will measure the pressures 
of vapours, as well as of permanent gases, over the range mentioned. 
The Pirani gauge is suitable for this puTpose, especially if it is med in 
a way which is not new, but of which the advantages have not been 
sufficiently recognised. 

1. PRINCIPLE OF THE METHOD. 
IT is well known that the relation between the vapour 
pressure (p )  of any substance and the temperature (T) can 
b P  represented approximately by 

. . . ,  3 
T-Tn' log p=A-- . . . . fl) 

. . . . ( 2 )  

1 dt Hence - -becomes infinite as the vapour pressure approaches 

zero a t  the temperature To,  called the condensation 
temperature, which is characteristic' of the vapour. 

The least change of pressure which any gauge will measure 
is fixed by the value of dplp rather than by the value of dp ; 
accordingly by measurements of vapour pressure it should be 
possible to  fix with great accuracy the condensation tempera- 
ture To and thus to  identify the vapour. If the gauge contains 
several vapours, but no permanent gases, and its temperature 
is increased from a value below the T o  for the least condensible 
vapour, we should get a pressure-temperature curve of the 
form shown in Fig. 1. The temperatures at which the sudden 
rises in the curve occur serve t o  identify the vapours present, 
for they are the values of To for these vapours, while the 
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change in the ordinate following a sudden rise upward (such 
as o to p,,  p1 to  p,,  or p ,  to p 3 )  will serve to  measure the 
quantity of the vapour present, if the calibration curves for 
the various vapours are known. 

If the whole gauge were immersed in a cooling bath in 
order to condense the vapours, the pressure of the permanent 
gases and uncondensed vapours would also vary with the 
temperature, and the parts of the curve in Fig. 2 between the 
sudden rises would not be horizontal. This difficulty can be 
easily overcome by cooling, not the whole gauge, but only the 
tip of a small side tube attached to the main vessel. The 
vapours will condense in this side tube at  the appropriate 

FIQ.. 1. 

temperatures, while the readings of gauge corresponding to 
the permanent gases present, and to those vapours which are 
not condensed at  the temperature of the side tube, will 
remain entirely unaffected. If permanent gases are present, 
which are not condensed at  the lowest temperature attainable 
(which in most laboratories may be taken as that of liquid 
air), we shall get a curve precisely similar to Fig. 1, except 
that it is raised above the horizontal axis by a distance 
corresponding to the amount of permanent gas present. 

I n  this statement it is assumed that the pressure of each 
vapour present rises from zero to the maximum, fixed by the 
total amount of the substance present, in the interval between 
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To for that substance and To for the substance of next higher 
condensation temperature. If this assumption were not 
correct, the beginning of one sudden rise would be super- 
imposed on the end of the rise preceding, and distinction 
between the two vapours might be difficult. But in practicp 
a t  the pressures and with the substances that are likely to  be 
present the assumption is always correct. The vapour 
pressure of a substance often reaches 0.1 mm. at a temperature 
only 10°C. above its characteristic To ; accordingly, unless 
either the condensation temperatures are within 10 deg. or 
the amount of one substance present corresponds to  a pressure 
greater than 0.1 mm., the separate steps in the curve will be 
perfectly sharp. Thus, if CO, and H,O alone are present, 
the first can reach a pressure nearly atmospheric before 
the second begins to appear ; in none of the vapours that we 
have desired to distinguish has there been the slightest 
overlapping so long as the total pressure is not more than 
0.2 mm. 

Little more need be said to indicate the principle of the 
method of micro-analysis described. If permanent gases 
are present, they can often be analysed by converting them 
into vapours, after the original vapours have been analysed, 
and repeating the analysis. Thus, if there is exposed to the 
mixture under analysis a copper wire, coated with cuprous 
oxide, H,, CO, and 0, can be identified and estimated by 
simply heating the wire to redness. The first two are 
converted into H,O and CO,; the last is absorbed. The 
method is quite satisfactory for H, and 0,, but CO does not 
seem always to be converted wholly into CO,. But the exact 
methods adopted must depend largely on the nature of the 
problem to which the method is applied ; and they will be 
such as are common to all methods of microanalysis. 

2.  THE PIRANI PRESSURE GAUGE. 
The first requisite for the practical application of the method 

is a means of measuring the pressure of vapours with some 
accuracy up to about 0-1 mm. The Pirani gauge* ha.s 
proved very suitable. It depends on the cooling of a heated 
wire by the surrounding gases. In the gauge as developed 
by Hale? a fine wire with a, high temperature-resistance 

* M. V. Pirani. 
t C. F. Hale. 

Deutsch. Phya. Gesell. Verb., 8, 24, pp. 684-694, 1906. 
Amer. Electrochem. Soc. Trans., 20, pp. 243-258,1911. 

Y 2  
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coefficient is connected in a bridge with three resistances of 
negligible temperature coeficient ; a constant potential, 
s&cient to heat the manometric wire some degrees above its 
surroundings is applied to  the bridge ; the change in resistance 
of the wire due to  its change of temperature with the pressure 
of the surrounding gas is measured. 
This form of the gauge has been used chie%y for very low 

pressures (less than 0.001 mm.) for which the McLeod gauge 
is inconvenient. At such low pressures and, indeed, up to  
0.01 mm. (with most forms of the instrument) the change of 
resistance is very nearly proportional to the pressure, and a 
straight line is obtained for the calibration curve. But a t  
higher pressures the curve ceases to  be straight, and becomes 
much less steep ; for, as the temperature of the wire decreases, 
the sensitiveness of the instrument also decreases. 

The shape of the calibration curve a t  these higher pressures 
cannot be represented by any simple formula ; it varies in a 
complicated manner with the nature of the gas and the tem- 
perature of the surroundings. The calibration is purely 
empirical, and the instrument is not reliable in any conditions 
but those in which it has been calibrated. These objections 
can be greatly lessened by a simple change in the manner of 
using the gauge which was mentioned, but not fully discussed, 
by Pirani, and does not seem to have been widely adopted. 
In place of measuring the change of resistance of the wire 
when the potential applied to the bridge is constant, we may 
measure the potential which must be applied to the bridge to 
keep the resistance (and therefore, the temperature) of the 
wire constant. This potential will, of course, increase with 
the pressure of the gas. 

In  this method of using the gauge the three manganin 
resistances of the bridge are invariable. They are chosen so 
that the bridge is balanced when the manometric wire is a t  a, 
convenient temperature, say, 100°C. ; the wire attains such a 
temperature when its resistance is about one-third greater 
than at  room temperature. A good voltmeter is connected 
to the terminals of the bridge, and the potential across the 
whole bridge varied by means of a rheostat in the batlery 
circuit, until a balance is obtained. 

The loss of heat by the manometric wire is due to radiation, 
to conduction along the supports, and to convection or con- 
duction in the gas. All these losses are approximately pro- 
portional to the difference of temperature between the wire 
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and its surroundings (e). Let the loss due to radiation and 
conduction along the supports (which is independent of the 
pressure of the gas) be re, that due to the gas o.f(p).e, where p 
is the pressure. The heat supplied. to the wire, since the 
resistance of the bridge is always the same, is proportional to 
V2, where V is the potential applied to the bridge. Let i t  be 
aV2. Then 

If VTa is the potential required for a balance when p=O, 
(r+c . f(p))O=aV2. . . . . . . .  (3) 

. . . . . . .  rO=aV7,2. (4) 

and 

Now c/r is constant for considerable variations in the 
instrument. It does not change rapidly with the length of 
the wire (so long as it is so great that cooling by conduction to 
the supports is small) ; and it is surprisingly independent both 
of its diameter and of its material (platinum or tungsten). 
Moreover, so long as the changes of the temperatures of the 
wire and its surroundings are so small that all heat losses may 
be taken as proportional to 8, C/T does not change with those 
temperatures. Within the range of all the changes that are 
likely to  occur if reasonable care is taken to  make two gauges 

the same, the function 2, which will be written ( Vz),  

should be independent of everything except the nature and 
the pressure of the gas. 

The manometrio 
wire that has been employed is the tungsten filament of a 
200-240-volt 40-watt lamp. The cold resistance of the lamps 
used varied by as much as 8 per cent., and these variations, 
in conjunction with changes in the room temperature (for the 
gauge was simply exposed to  the air of the room), caused V o  
to vary between 1.3 and 1.95 volts. But, in spite of these 
considerable variations in the instrument, if the same setting 
of the bridge had been used throughout and the same Cali- 
bration curves used for determining p from (P), the error in 
p ,  up to  0.15 mm., would not have exceeded 10 per cent. By 
adjusting the bridge so that the temperature of the wire was 
always the same, these errors could be reduced to  3 per cent. 

vz- vo2 

VO 

This independence is actually found. 
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Another great advantage of this method of using the gauge 
is that f(p) is approximately proportional to p ,  and the cali- 
bration curve approximately straight. In Fig. 2 are shown 
the curves for H,, air, CO, CO,, H,O. The pressure of the 
first four gases were measured by a McLeod gauge. For the 

first two the curve is straight within experimental error; 
initial curvature appears with CO, and is more pronounced 
With CO, ; but since i t  is known that a McLeod gauge is not 
really accurate for CO,, it is possible that some of the curva- 
ture in CO, is due to errors in measuring the pressure. Th0 
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curve for water is interesting. There is no very simple method 
of measuring water pressures between 0.001 and 0.1 mm., and 
the following device was adopted. A mixture of H2 and 0, 
was introduced into the vessel at a pressure measured by the 
McLeod ; it was then burnt by a hot platinum wire, and the 
water formed frozen in a side tube. The pressure of the 
residual gas was measured (for it was difficult to secure that 
the gases were present in exactly the right proportion) and 
from the difference the amount of water formed calculated. 
The residual gas was pumped away, the side tube warmed, and 
the water liberated as vapour. The estimate of the pressure 
of the water made in this way assumes that none is condensed 
on the walls of the vessel ; and this assumption is known to be 
untrue. The condensation of water doubtless accounts for 
the deviation of the curve from a straight line a t  low pressures, 
and by extrapolating the line at higher pressures to the axis, 
an estimate of the limiting amount of vapour condensed is 
obtained. The straight line probably represents the relation 
between p and ( V 2 )  for the water actually present as 
vapour. 

It will be observed that the curves for the gases which 
do not contain hydrogen lie very near together. For the 
rough measurements for which the gauge was used they may 
be taken as coincident. For many purposes we think that  
the Pirani gauge used in the manner described would have 
considerable advantages over the McLeod. It may, there- 
fore, be pointed out that it has not the advantage of a greater 
working speed ; for a period of a minute or so must be allowed 
for the gauge to reach thermal equilibrium. 

3. PRACTICAL METHODS. 
If a qualitative 

analysis of the gases is being made, the best and most con- 
venient way to  identify the vapours is not to use any thermo- 
nieter of an ordinary type but to compare the T i s  of the 
unknown mixture with the T i s  of known vapours. A series 
of gauges may be made up containing between them all the 
vapours likely to  be present ; any gauge of this series may, 
of course, contain more than one vapour so long as no inter- 
action between constituents can occur. The side tubes from 
the series of known vapours and the side tube from the gauge 
under analysis are then immersed in a little mercury in a 
small Dewar flask, ancl liquid air poured in until the whole 

A few practical suggestions may be offered. 
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is cooled to the temperature of that liquid. The conductivity 
of the mercury is sufficient to maintain all the side tubes 
st the same temperature. The mercury is then warmed by 
blowing air at a suitable rate on its surface, and the unknown 
gauge watched until a sudden change in ( 7 2 )  occurs. The 
air stream is then stopped temporarily and the known gauges 
examined t o  discover in which of them (V2) has changed. 
If several have changed from their liquid air values, the 
constituent in the unknown gauge is, of course, that one in 
these known gauges which has the highest To. 
This method is extraordinarily sensitive and certain. 

One per cent, of water in CO, may be detected-an un- 
favourable case because the main constituent evaporates 
before the impurity ; 0.0005 mm. of CO2 may be detected 

.in an unlimited quantity of vapours with higher To} or in 
0.05 mm. of permanent gases. On the other hand, mercury 
vapour is not easy t o  detect. Apparently its cooling effect 
is very small. But it is usually known without analysis 
whether mercury is present, and, if so, how much. 

If the constituents are known, the estimate of their amounts 
can be made very rapidly. A series of baths are prepared 
a t  temperatures which lie between the To's for the constitu- 
ents ; the side tube is then placed in the baths in succession, 
and the change in ( V z )  in passing from one bath to another 
gives the amount of the vapour with a To  between the tem- 
peratures of the two baths. 

Thus, in order to  analyse a mixture containing (1) phos- 
phorus vapour, (2) water, (3) a vapour not chemically identified 
from '' vacuum " oil, (4) CO,, ( 5 )  H,, (6) CO, the following 
baths wi l l  serve in conjunction with the oxidised copper 
wire :- 

Freezing mercury (-39') condenses phosphorus but not 

Freezing acetor_e (-98") condenses water but not oil 

Freezing ethyl alcohol (-117") condenses oil vapour but 

Liquid air (-183") condenses CO, but not permanent 

For some purposes an interpolation between the first two 
Then it is convenient to know 

water. 

vapour. 

not CO,. 

gases. 

baths might be necessary. 
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that freezing chloroform (-65') is just above and solid CO, 
(-78') just below To for water. Greater difficulty arises 
in interpolating between the last two baths in the table, 
but, so far, we have not found need for such interpolation. 
In order to prepare the baths a few drops of the liquid are 
placed in a minute Dewar flask and liquid air poured in (very 
gently with the lighter liquids) until the solid separates. 

After the values of V have been measured with the side 
tube immersed in the various baths, the side tube is opened 
and sealed to  a pump, and V ,  measured when. the gauge is 
coinpletely exhausted. If accuracy is required, V ,  must be 
measured while the gauge is still on the pump, for in sealing 
it off, a small quantity of water vapour is always liberated 
from the melted glass. It is desirable for accuracy that the 
whole process should be completed as quickly as possible, 
in order that the room temperature may not change. It 
cantbe completed quite easily with practice in half an hour, 
and with reasonable care the variations during that time are 
not likely to  be important. The most important source of 
error lies in the assumption, necessary unless very elaborate 
calculations are to be made, that the calibration curves are 
all straight and that the value of (Vz) for a mixture is the 
sum of those for its constituents. The truth of these two 
assumptions is probably closely connected. 

Finilly, we may gi;e details of the analysis of a mixture 

V. V2.  (Vz). Diff. 
containing H,, CO, H,O, CO,. 

Side-tube at  temp. of room ......... 5.09 25.91 -6.87 3.75 

Liquid air ........................... 3.24 10.54 2.20 >0'92 

Room ................................. 5.00 25.00 6.60 4.83 

Liquid air ........................... 1.82, 3 ~ 3 1 ~  0.008>1'76 

Freezing acetone > 

Freezing acetone > 

..................... 3.68 13.54 3.12 

-%er heating copper oxide- 

..................... 3.02 9.12 1.77 

Gauge exhausted on pump to < 0.00001 mm. 

1.81,= V,. 
From Fig. 2, p=a(Va), where 

a=0.0121 for H,, 
=WO174 for H,O, 
=0.0211 for CO and CO2. 
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... H,O present originally 

CO, present originally 

H,O produced by burning= 
H, present originally 

CO, produced by burning= 

=3*75 X0.0174=0.068, (0.061) 

=0.92~0*0211=0 019; (0.01s) 

~(4.83-3.75) X0-0174=0.018, (0.020) 

CO present originally 
=(1*76-0.92) ~ 0 ~ 0 2 1 1 = 0 ~ 0 1 7 ~  (0.020) 

Total ... ............... 0.121, 

The figures in brackets are the pressures of the gas estimated 

Observe that the value of (72) for the permanent gases 
when the gauge was filled for this test. 

originally present should be 

The value found was 2.20. 

DISCUSSION. 
Dr. J. S. G. THOMAS asked if the method would discriminate between the 

higher hydrocarbons in coal gas, o r  between ethane and methane. It was 
assumed that the heat lost by conduction a t  the ends of the supports was 
constant. He did not think this was justified, a8 i t  had been shown that at 
low pressures this loss depended on the pressure of the gas. Would the 
method discriminate between dry and wet gas a t  the same total pressure ? 

Dr. D. OWEN expressed his admiration of the method, which appeared 
to be entirely new. What pressures had the author gone down to in 
these experiments ? In addition to the Pirani gauge the McLeod gauge is 
referred to, but no others. Had Dr, Campbell any experience of other forms 
of low-pressure gauge and their properties ? 

Dr. CAMPBILL, in reply, said it was easy to analyse any mixture of com- 
ponents which could be ‘frozen out by liquid air. The had analrsed the 
vapours from the oil used in their pumps, and he thougzt the higher hydro- 
carbons in coal gas would present no difficulty. He was afraid neither 
ethane nor methane would freeze out, and so could not be treated by this 
method. As regards the validity of the assumptions of the heat loss, for 
accurate work every gauge is separately calibrated, and no assumptions are 
made. The instrument could be used to discriminate between wet and dry 
gas, provided the total pressure is under 0.2 mm. He did not know how low 
Pressares the Pirani gauge would do for, but for very low pressures the 
Ionisation gauge would be more accurate. 


